The addition of lead salts to phosphate-containing Chiamydomonas rei.harddi media caused precipitation of Pb3 (PO4) 
spread throughout the solution, and reached the same densities obtained in the absence of Pb2+. Cells did not survive when the amount of Pb2+ in the culture exceeded the equivalents of phosphate.
Elemental analysis showed that in the presence of equivalent Pb2+ and phosphate, considerable Pb2+ remained in solution. The concentration of dissolved Pb2+ did not vary significantly when the amount of Pb2+ added to the culture was increased slightly, from an amount which permitted growth to an amount which completely prevented growth. The concentration of phosphate was decreased to an undetectable level when the amount of Pb2+ approached equivalency with phosphate.
In the presence of the chelating agent nitrilotriacetic acid, higher concentrations of Pb2+ remained in phosphate-containing media. The chelated Pb2+ did not retard the growth of Chiamydomonas.
It appears that Pb2+ is not toxic to Chiamydomonas, but kills cells by depriving them of phosphate.
Previous studies have shown that Pb2+ adversely affects the growth of plants (2, 16) . However, the study of lead toxicity is complicated in vascular plants since insoluble Pb2+ salts tend to deposit in the conducting xylem and may interfere with transport (4, 7) . For this reason, unicellular algae may be more useful for studies of Pb2+ toxicity at the cellular and subcellular levels. A number of reports have shown that Pb2+ affects the growth of aquatic algae (9, 14) . Lead deposits have been seen in and on algal cells in cultures containing Pb2+ (11, 12) .. Relatively few reports have demonstrated specific physiological effects of lead on growing algal cultures (10, 15) , and these reports have not demonstrated any specific causes for the effects.
The purpose of this study is to demonstrate under what conditions Pb2+ adversely affects liquid cultures of Chlamydomonas, and to determine the mechanism whereby the cultures are affected.
MATERIALS AND METHODS
Algal Growth and Sampling. Chlamydomonas reinhardtii wild type strain 137 C(+) was grown photoheterotrophically in 500-ml conical culture flasks similar to the method of Gorman and Levine (6) . Suspensions containing 250 ml were slowly agitated at approximately 28 C. Light, supplied continuously by Sylvania F40CW Lifeline fluorescent lamps, gave an intensity of 50
,iE * m2sec-1 at the flask surface. Composition of the culture media (6) is listed in Growth rates were also determined by measuring the increase in total protein or packed cell volume in some experiments. Rates were identical to rates determined using Chl measurements.
Chl was determined by the method of Arnon (1 Fig. 1 ). The maximum k obtained was only 0.070 hr-', and maximum cell density reached was considerably less than in cultures containing only slightly less Pb2+. In other experiments a 20%o increase in Pb2+ over phosphate equivalents was shown to decrease the growth to less than half of the control value while a 50%o increase completely inhibited growth.
When cell growth had reached a stationary phase, the solution was centrifuged to remove the precipitate and suspended cells, and analyzed for lead and phosphate. Table III shows that when the solution of standard media containing equivalent amounts of Pb2+ and phosphate was separated from the precipitate in flasks containing no inoculum, less Pb2+ was present and considerably more phosphate was seen. A comparison with experiments 2, 3, and 4 indicates that actively growing cells removed the available phosphate from solution and increased the Pb2+ concentration by removing the counterion.
LEAD TOXICITY AND PHOSPHATE DEFICIENCY Experiment 5 in
The above results indicate that Chlamydomonas is very effective in acquiring phosphate from dilute solutions. This is confirmed in Table IV . Cultures grew exponentially at a maximum rate in the presence of 1.1 x l-5 M phosphate. Growth rates could not be measured accurately at phosphate concentrations much below this level because the initial rate of growth rapidly decreased as phosphate was depleted. In other experiments (data not shown) cells which were washed free of external phosphate and inoculated into phosphate-free medium were shown to double two or three times before growth ceased, indicating that the internal phosphate concentration of the cell may be considerably diluted before cell growth stops. If Pb2+ were affecting cell growth by removing phosphate from the media only, cell growth should not immediately cease when the culture is exposed to an excess of Pb2+. Exponentially growing cultures were removed by centrifugation from standard media and transferred to media which were identical except for the presence of Pb2' at a Pb2+/phosphate equivalency ratio of 1.5. Total cell content in the flask as measured by Chl concentration increased slightly, and did not begin declining for more than 24 hr after inoculation into the Pb2-containing Pb2+ in media containing excess phosphate. NTA,' a Pb2+-chelating agent, was added to culture media to prevent the precipitation of Pb2+ salts. Table V shows the growth rates of Chlamydomonas in the presence of various concentrations of NTA with and without added Pb2+. A molar ratio of 2:1 for NTA to Pb2+ was used since greater relative amounts of Pb2+ did not prevent Pb3(PO4)2 precipitation. NTA in the absence of Pb2+ is seen to inhibit cell growth at 3.2 x l0-' M concentration. Pb2+ appeared to have no effect since no more inhibition is seen in the presence of Pb2+ than in its absence at any NTA concentration. Note that the level of Pb2+ in solution is about 100 times higher than that measured in the absence of NTA (Table III) .
DISCUSSION
The results presented above indicate that Pb2+ prevents the growth of Chlamydomonas in liquid culture when the equivalents of Pb2+ exceed the equivalents of phosphate in the growth media. (Table II and Fig. 1 ). An increase in Pb2+/phosphate equivalency from 0.95 to 1.05 hardly increases the concentration of Pb2+ which occurs in solution (Table III) .
Decreased cell growth is difficult to account for by an increase in Pb2+ concentration exposed to the cells. (3, 7, 16) . A recent report has specifically dealt with the problem of Pb3(PO4)2 insolubility in algal culture media (9) . That study notes the effect of Pb2+ on the very limited growth of green algae in phosphate-free media. In other experiments glycerol phosphate was substituted for Pi to avoid precipitation of Pb3(PO4)2. The results of adding Pb2+ to phosphate-free media were similar to observations reported here. Addition ofPb2+ to glycerol phosphate medium decreased growth in liquid cultures and on agar plates, indicating a direct toxic effect of Pb2+.
